Most diseases caused by Haemophilus influenzae type b (Hib) occur in young children (under the age of 5 years). This microorganism is a common cause of meningitis. The advent of vaccination programs has almost eradicated the disease from wealthy countries, but the infection is still present in less developed areas (1, 27, 30) .
An understanding of the pathophysiology of bacterially induced brain injury is essential in identifying mediators which may be important in this process. It is generally accepted that the inflammatory response to gram-negative bacteria infection is induced by endotoxin. Hib lipopolysaccharide (LPS) plays a fundamental role in rats meningeal inflammation (39, 47) . Although LPS has been clearly documented to play an important role in the pathogenesis of gram-negative infections (53) , very little is known about the functions of other bacterial components. In fact, there is significant evidence that other components of gram-negative bacteria also play an important role in the pathology associated with these infections (12, 25, 46) .
Hib porin (also known as P2 or protein BLC) is the most dominant band in sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) of outer membrane protein preparations (31, 35, 37) ; its molecular mass varies between 36 and 42 kDa (37) . This protein exists as a trimer and functions as a porin (8) . Hib porin has also been reported to be an important immunoprotection target (23) .
Tumor necrosis factor alpha (TNF-␣) and interleukin-1 (IL-1) play important roles in the host response to bacteria and their products. Astrocytes and microglial cells produce IL-1 and TNF-␣ within the central nervous system (CNS) (13, 15) . The evolution of the inflammatory process in the CNS depends on the set of cytokines released during the first steps of the infection. Noxious stimuli that act directly on neuronal soma are highly effective in generating chemokine expression. IL-1 is a polypeptide that acts as a soluble mediator in immunological and inflammatory reactions. Woolpe et al. (52) characterized a novel cytokine termed macrophage inflammatory protein 2 (MIP-2) that exhibits a strong affinity for heparin. MIP-2 is secreted by endotoxin-stimulated macrophages. Sequence analysis indicates that MIP-2 is a member of the platelet factor 4 family. This mediator is an extremely potent chemotactic agent for human neutrophils but induces little chemokinetic activity in vitro (10, 48) .
Within the first 24 h after a mechanical trauma to the CNS, reactive astrogliosis develops and injury sites are infiltrated by mononuclear phagocytes derived from blood-borne monocytes and endogenous microglia (2, 3) . The chemokine expression in posttraumatic inflammation is generally restricted to the monocyte chemoattractant MCP-1 (44) and occurs before hematogenous cells penetrate neuronal tissues.
It is still unclear how leukocytes migrate through the bloodbrain barrier. Two types of mechanisms are involved during the migration of blood cells across the tight endothelial cell barrier of the brain vessels: (i) cellular adhesion molecules of endothelial cells and their counterreceptors on leukocytes induce the attachment of circulating blood cells to the vessel wall, and (ii) chemokines activate and attract specific leukocyte subpopulations, leading to translocation and accumulation of these cells in the inflamed tissue. Among the other components of the surface of gram-negative organisms, the porins activate the adhesion molecules (11), induce leukocyte transmigration through human endothelial cells in vitro (22) , and stimulate cytokine liberation (17, 20, 21, 26) .
Furthermore, to establish the exact pathogenic mechanisms by which Hib contributes to signaling of the inflammatory cascade, it is important to characterize the pattern of cytokine release after stimulation with Hib cellular components.
In this work we investigate the potential role of Hib porin in the pathophysiology of bacterial brain inflammation.
MATERIALS AND METHODS
Bacteria and growth conditions. Hib was obtained from the American Type Culture Collection (ATCC 9795) and grown in CY medium (9) for 18 to 24 h at 37°C; the cells were harvested at the end of the exponential growth phase.
Animals. Male Sprague-Dawley rats (250 to 300 g each) with free access to food and water were housed at constant temperature (21 Ϯ 1°C) and relative humidity (60%). The animals were maintained under a regular 12-h light/12-h dark schedule (light from 7.00 a.m. to 7.00 p.m.).
Surgical preparation and treatment. The rats were placed in a stereotaxic apparatus (David Kopf Instruments, Tujunga, Calif.) under ketamine anesthesia (100 mg/kg intraperitoneally), and a craniotomy was performed by following the coordinates of the atlas of Paxinos and Watson (42) (measured in millimeters from the bregma; AP.Ϫ11.60; L. 2.3; V. 7.5) to permit microinjection into the fourth ventricle (4 V). The intracerebroventricular microinjections (time zero) were conducted with a Hamilton 10-l syringe attached to the stereotaxic micromanipulator and inserted into the cerebral tissue. A volume of 7 l was used either for control injections (0.2 M phosphate-buffered saline) (PBS) (pH 6.5) as well as for injection of drugs, over a period of 10 s. After this procedure the rats were allowed to recover until the brain was removed for in vitro assays.
After the completion of the experiment, at each time point considered the rats were killed with a high dose of pentobarbital (200 mg/kg intravenously) and the brains were removed. They were immersed into D solution (4 M guanidine thiocyanate, 25 mM sodium citrate [pH 7.0], 0.5% sarcosyl, 0.1 M ␤-mercaptoethanol) for RNA extraction.
A separate series of experiments were performed to verify the injection site. The rats subjected to the above surgical procedure were injected intracerebroventricularly 10 l of 5 mM (0.2%) methylene blue solution before being sacrificed with a high dose of pentobarbital (200 mg/kg intravenously). The animals were immediately perfused intracardially with 50 ml of PBS followed by 50 ml of a 10% formalin solution in PBS. The brains were removed and immersed in saturated formalin for 24 h. The injection site was verified using two consecutive sections (40 m), one stained with cresyl violet to identify the nuclei and the other unstained to determine the diffusion of the dye.
Preparation of the porin. The porin was isolated and purified from cells of Hib ATCC 9795 using the modified method of Nurminen (41) . Briefly, the bacterial envelopes were treated with Triton X-100 buffer for 2 h at 37°C with rotary shaking, dissolved in SDS buffer (4% [wt/vol] SDS, 0.1 M sodium phosphate [pH 7.2]), and applied to an Ultragel ACA34 column equilibrated with 0.25% SDSsodium azide buffer. Elution flow through the column was 8 ml h
Ϫ1
, and 2 ml was collected. The fraction containing proteins, identified by measuring the absorption at 280 nm, was extensively dialyzed and checked by SDS-PAGE by the method of Laemmli (28) . The protein content of the porin preparation was determined by the method of Lowry et al. (32) . All possible traces of LPS were revealed on SDS-PAGE gels stained with silver nitrate as described by Tsai and Frasch (50) and by the Limulus amoebocyte lysate assay as described by Thye Yin et al. (49) .
The pore-forming ability of our preparation was checked by a functional assay (liposome-swelling assay) after incorporation into proteoliposomes by the method of Nikaido and Rosenberg (40) .
Preparation of Hib LPS. Hib LPS was extracted by the phenol-chloroformpetroleum ether method of Galanos et al. (16) .
N-terminal sequencing of Hib porin. The Applied Biosystems model 477A automatic protein sequencer has been used to determine the N-terminal sequence of the Hib porin. The phenylthiohydantoin (PTH)-aa released during the degradation have been identified by high-performance liquid chromatography on a model 120A high-performance liquid chromatograph (Applied Biosystem) with a Brownlee C 18 column. Separation was performed with an eluent gradient as suggested by the manufacturer. The column was set at 54°C, and the elution was monitored by measuring the absorbance at 269 nm. Data were elaborated by a computer Macintosh Ilsi.
Inocula. Highly purified porin (5 g in 7 l) from Hib outer membranes were used. In some assays the LPS activity in the porins was neutralized by adding polymyxin B (PB) at room temperature for 1 h (4, 34). The porin-PB mixture was used in pyrogen-free PBS. The controls were inoculated with bovine serum albumin (5 g in 7 l) or PBS (7 l) or porin-PB mixture (5 g in 7 l plus 5 ng) or PB (1 g in 7 l) or LPS (1 g in 7 l) or LPS-PB mixture (1 g in 7 l plus 1 g).
Determination of the water and protein contents in the brain. At 6 and 24 h after postintracerebroventricular inoculation, the rats were killed by an overdose of pentobarbital given intravenously. Immediately after death, a craniotomy was performed; the brain without the cerebellum and medulla was removed, weighed in aluminium boats, and dried in a stove for 16 h at 130°C to a stable weight. The brain water content, expressed as grams of water per 100 g of dry weight, was determined by using the formula [(wet weight Ϫ dry weight)/wet weight] ϫ 100 and used as an estimation of brain edema. The cerebrospinal fluid (CSF) samples were centrifuged at 10,000 ϫ g for 5 min and the supernatant fluid was assayed to establish the protein content by the Bradford method (5).
CSF pleocytosis and histologic assays. The CSF was collected from rats by intra-4 V puncture at 6 and 24 h after inoculation. Leukocyte concentrations were measured with a hemocytometer and by microscopic evaluation after MayGrunwald coloration. Histologic assays were performed on transverse sections.
RNA isolation and cDNA preparation. The brain samples were collected 6 and 24 h after stimulation, and total RNA was extracted by the method of Chomczynski and Sacchi (7). The RNA pellet was resuspended in 75% (vol/vol) ethanol, sedimented, vacuum dried, and dissolved in 15 l of RNase-free water. 1 g of oligo(dT) (Promega, Madison, Wis.) was added to the suspension, and the mixture was heated at 65°C for 5 min. After cooling on ice, the mixture was incubated for 2 h at 42°C with 14 l of the following solution: 20 mM dithiothreitol (Sigma), 1 mM (each) dATP, dGTP, dCTP, and dTTP, 35 U of RNasin (Promega), and 525 U of Moloney murine leukemia virus reverse transcriptase (Promega) in reverse transcription buffer.
PCR procedure. Murine cytokine primer pairs sequences were designed on the basis of published gene sequences as reported in Table 1 . The primer sequences were complementary to sequences in the exons or spanned exon-exon junctions and thus were RNA specific. A 2-l volume of cDNA prepared as described above was amplified in the presence of 500 nM (final concentration) 5Ј and 3Ј primers, 200 M (each) dATP, dGTP, dCTP, dTTP, and 1.25 U of Taq DNA polymerase (Promega) in a final volume of 50 l of 10ϫ Taq DNA polymerase buffer (Promega). The PCR was performed in a Perkin-Elmer thermal cycler for 30 cycles of 1 min of denaturation at 94°C, 2 min of annealing at 60°C, and 3 min of extension at 72°C. The reaction product was visualized by electrophoresis using 25 l of the reaction mixture at 100 V in a 1.5% agarose gel containing ethidium bromide (1 g/ml). The gels were then examined on an UV light box and photographed. BglI-and HinfI-digested pBR328 DNA (Boehringer Mannheim) (1 g) was run in parallel as a molecular size marker (providing bands at 2,176, 1,766, 1,230, 1,033, 653, 517, 453, 394, 298, 234, 220, and 154 bp).
Statistics. All experiments were carried out in triplicate; the results are expressed as the mean Ϯ standard error. Comparisons between tests were done by Student's t test, with statistical significance considered to be indicated by P Ͻ 0.05.
RESULTS

Purity of Hib porin preparations.
The purity of the porin preparation from Hib, as checked by SDS-PAGE, is shown in 
Fig. 1. SDS-PAGE revealed one band with a molecular mass of approximately 40 kDa, as previously reported by Coulton et al. (8).
In the same gel, we found a Hib outer membrane preparation (Fig. 1, lane C) , demonstrating that the 40-kDa band is the most dominant in the bacterial strain used. This protein showed porin activity as demonstrated by its ability to form transmembrane aqueous channels (data not shown). Moreover, the N-terminal sequence (Ala-Val-Val-Tyr-Asn-AsnGlu-Gly-Thr-Asn-Val) of the isolated protein corresponds to the known sequence for the protein as reported in literature (24, 36) . The purification and contamination by LPS in the preparations obtained have been amply addressed in previous works (18, 20) . Using the Limulus test, the LPS contamination in the porin preparation was estimated to be about 0.001% (wt/wt) compared with a standard Hib LPS solution.
Water and protein contents in the brain. Intracerebral inoculation of rats with Hib porin was performed with a dose of 5 g, which is able to achieve a porin concentration in CSF approximately within the range of those that elicited a biological effect in vitro (19, 21, 22) . The water content in the brain was significantly elevated in rats inoculated intracerebrally with porin compared to rats inoculated with PBS, BSA, LPS-PB, or PB alone. The results of the edema evaluation are reported in Table 2 . The porin caused also an increase in protein concentration in CSF; 24 h after inoculation, the protein content was notably increased compared to the controls (Table 2) .
CSF pleocytosis and histologic examinations. Intra-4 V inoculation of Hib porin elicited a discrete pleocytosis compared to controls. Inoculation of 5 g of Hib porin at 24 h increased the leukocyte concentration in CSF (mean, 378 Ϯ 130/l) (P Ͻ 0.001) much more than that found when using PBS or other controls (mean, 40 Ϯ 5/l). Also, Hib LPS (1 g) at 24 h increased the leukocyte concentration in CSF (mean, 350 Ϯ 120/l) (P Ͻ 0.001). No significant differences were observed with respect to controls after 6 h. The results are reported in Table 2 . Histologic assays of the transverse brain sections obtained 24 h after the treatment with porin showed a small infiltration of polymorphonuclear cells that was higher than that in controls (data not shown).
Cytokine mRNA expression in the brain. An analysis of cytokine mRNA in brain tissues from rats intracerebroventricularly inoculated with Hib porin and different controls was performed using reverse transcription-PCR (RT-PCR) and focused on tissues obtained from rats at 6 and 24 h after treatment. At our limits of detection, mRNAs for gamma interferon (IFN-␥), IL-6, IL-4, and IL-10 were not expressed in brain tissues from untreated rats. TNF-␣ and MIP-2 mRNA bands were weak in controls inoculated intracerebroventricularly with PBS, PB, LPS-PB, or BSA at 6 and 24 h, whereas IL-1␣ mRNA was detected in controls only after 24 h. The patterns of cytokine mRNA expression at 6 h postinoculation in brains from rats inoculated intra-4 V with Hib porin or LPS as a positive control are shown in Fig. 2A , while the equivalent results 24 h postinfection are shown in Fig. 3A . The results obtained were confirmed by quantitation of mRNA using Sigma Gel software ( Fig. 2B and Fig. 3B ); the percentages of integrated peak areas are reported in Table 3 . As detected by RT-PCR analysis, cytokine mRNA bands were present for IL-1␣, TNF-␣, and MIP-2 at 6 and 24 h after treatment. No effect was detected for IFN-␥, IL-6, IL-4, and IL-10 mRNA under the same experimental conditions. TNF-␣ and IL-1␣ mRNA were found only after 6 h, and their levels increased after 24 h; in contrast, MIP-2 mRNA was found at 6 h and its level decreased at 24 h. The MIP-2 band intensity at 6 h after treatment with porin was higher than the TNF-␣ and IL-1␣ band intensities obtained at 24 h. As a control, we measured the levels of ␤-actin mRNA, which is a cell cycle-independent mRNA. The actin mRNA levels remained unchanged, indicating that the changes in cytokine mRNA levels were not caused by a general increase in all poly(A) ϩ RNA species. Similar results were obtained in independent experiments with brains from different rats.
DISCUSSION
Our results show that the Hib porin induces the early release of cytokines by CNS cells, amplifying the inflammatory response. The Hib porin, inoculated at 5 g into the fourth ventricle of the brain, elicited the appearance of serum pro- Furthermore, the effects observed were not caused by the mechanical trauma following the intracerebral inoculation of extraneous substances; indeed, PBS, PBS plus PB, or PBS plus BSA did not show the same intensity of the signal from IL-1␣ and TNF-␣ mRNA. Moreover, the alterations in the parameters of the blood-brain barrier are significantly different in the rats treated with the Hib porin compared to controls. Within the first 24 h after mechanical trauma to the CNS, it was possible to observe increased levels of MCP-1 mRNA; astrocytes are the cellular source of MCP-1 mRNA at early times after mechanical brain injury (44) . This is in accordance with previous studies showing that TNF-␣ and IL-1 have been detected in the CSF of patients with bacterial meningitis caused by gram-positive and gram-negative microorganisms (29, 33) and in the CSF of animals experimentally inoculated with Hib (38) (43) . Indeed, monoclonal antibody to TNF-␣ reduced inflammation and was also protective against brain edema in a rabbit model of pneumococcal meningitis (45) . Furthermore, injection of meningococcal LPS into the subarachnoid space of rabbits induced the subsequent appearance of TNF-␣, IL-1, and IL-6 followed by the migration of leukocytes into the CSF compartment (51) . Therefore, our results show that the Hib porin also initially induces the synthesis of TNF-␣ and IL-1␣ mRNA followed by brain edema and a slight neutrophil infiltration. In our experiments, we did not observe the expression of IL-6 mRNA by astrocytes and microglial cells. Its expression probably occurs later than that of other cytokines; in fact it was demonstrated that IL-6 mRNA appears in CNS viral infection only after 48 h (14) . Hib porin, even at an early stage, induces the appearance of leukocytes in CSF. For this reason, we looked for the presence of any chemotactic cytokines. MIP-2 is a chemoattractant (10) and an activating factor for neutrophils (48) . MIP-2 is made by cytokine-or LPS-activated monocytes and also by endothelial cells. The release of MIP-2 into the tissue of the CNS may be caused by both in situ and infiltrated cells.
We could not observe any expression of IFN-␥, IL-4, and IL-10 mRNA in the CNS tissue at the times of incubation we used, probably because the lymphocyte infiltration happens later.
In conclusion, the interplay between bacterial components and host inflammatory cells is likely to be a major determinant of the experimental presentation and outcome of bacterial brain edema. The further study of regulation and coordination of chemokine release and production by bacterial components in brain tissue may lead to novel therapeutic approaches to bacterially induced brain inflammation. 
